The present study examines computer-assisted reading intervention with a phonics approach for deaf and hard of hearing (DHH) children in Sweden using cochlear implants or hearing aids, or a combination of both. The study included forty-eight children, 5, 6 and 7 years of age. Sixteen children with normal hearing (NH) served as a reference group. The first purpose of the study was to compare NH and DHH children's reading ability at pre and post intervention. The second purpose was to investigate effects of the intervention. Cognitive and demographic factors were analyzed in relation to reading improvement. Results showed no statistically significant difference for reading ability at the group level, although NH children showed overall higher reading scores at both test points. Age comparisons revealed a statistically significant higher reading ability in the NH 7-year olds compared to the DHH 7-year olds. The intervention proved successful for word decoding accuracy, passage comprehension and as a reduction of nonword decoding errors in both NH and DHH children. Reading improvement was associated with complex working memory and phonological processing skills in NH children. Correspondent associations were observed with visual working memory and letter knowledge in the DHH children. Age was the only demographic factor that was significantly correlated with reading improvement. The results suggest that DHH children's beginning reading may be influenced by visual strategies that might explain the reading delay in the older children.
Introduction
Since the introduction of formal schooling in the Western world about 150 years ago (Edwards, 2012) a continuing pedagogical question has been how students who are deaf or hard of hearing (DHH) optimally develop reading ability. The different pedagogical practices and perspectives can broadly be divided into "whole language" versus "bottomup" approaches, i.e., to support semantic processing and prediction, or to support lexical as well as sub-lexical processing to develop reading (Power & Leigh, 2000) .
The heterogeneity within DHH children across a variety of domains, such as degree of hearing loss (HL), age at amplification, speech perception skills, communication mode, and educational placement, complicates the picture of how reading development is accomplished in this population Marschark, Rhoten, & Fabich, 2007; Powell & Wilson, 2011) . Some studies report that subsets of DHH children are closing the gap to NH children, especially those in their younger school age who have been identified early, receive early auditory stimulation by means of a cochlear implant (CI), and are placed in educational settings among hearing peers . Other studies state that DHH adolescents do not reach reading levels adequate for their age regardless degree of HL or whether they utilize CI (Marschark et al., 2007; Traxler, 2000) , and that they are less accurate in monitoring their own comprehension, regardless of communication mode (Marschark et al., 2012) . Thus, the diverse picture of how DHH children of different ages learn to read, and use reading to learn, makes it important to find methods that promote a good start into reading proficiency. One alternative way to address this issue is to offer reading intervention at home. The general purpose of the present study is to undertake computer-assisted reading intervention with a phonics approach in DHH children's homes. This has, according to our information, not been done before.
In skilled reading, language (i.e., phonological, morphological, semantic-syntactic and pragmatic competence) and visual processing (i.e., the formation of abstract letter and orthographic representations) are used flexibly to derive meaning from print (Bavelier, Green, & Seidenberg, 2013; Bitan, Manor, Morocz, & Karni, 2005; Bjaalid, Høien, & Lundberg, 1997; Byrne et al., 2009; Castles et al., 2009; Rastle, 2007) . Phonological decoding skills are essential when reading unfamiliar and low frequency words (Share, 1995) and orthographic decoding skills are important for sight-word reading which affects reading speed (Coltheart, Rastle, Perry, Langdon, & Ziegler, 2001) . As phonological decoding functions as a self-teaching mechanism it enables the learner to independently acquire an autonomous orthographic lexicon (Share, 1995) . Therefore phonological decoding is relatively more important than orthographic decoding in beginning reading development. A challenge for both CI and hearing aid (HA) users in utilizing phonological decoding strategies is that the hearing loss (HL) itself prevents them to perceive the phonemes clearly.
Lowered hearing thresholds in combination with reduced spectral and temporal information delivered through the hearing device, explain their lower perceptual precision (Bouton, Serniclaes, Bertoncini, & Cole, 2012; Moore, 2008) . Development of phonological knowledge however need not be limited to lower auditory perceptual mechanisms (Adams Jager, 2003) and might be compensated by other senses, i.e., visual (Woodhouse, Hickson, & Dodd, 2009) . The fundamental point is to consider the phonemes as a set of linguistic meaningless units out of which meaningful units are formed (Trezek & Malmgren, 2005) .
Recent studies have shown altered reading strategies in DHH children Wass et al., 2010) . Children with CI have been observed to use visual skills and develop orthographic decoding strategies earlier, probably related to a more profound HL, compared to children with HA (Asker-Árnason, Wass, Gustavsson & Sahlén, 2013) . One point of departure in the present study is the question whether DHH children rely more on visual clues than NH children do in beginning reading development. Another question is whether DHH children's beginning reading is as highly influenced by lexical access skills, different aspects of working memory, and phonological processing skills as they are for NH children (Caravolas et al., 2012; Nevo & Breznitz, 2011) .
Previous research has shown that DHH children's letter-sound knowledge skills can be improved by means of computer-assisted intervention with a phonics approach (Nakeva von Mentzer et al., 2013) . Further, the phonics approach has been observed effective for nonword and word reading accuracy as well as for letter-sound knowledge in NH poor readers (Hatcher, Hulme, & Snowling, 2004; McArthur et al., 2012) . To our knowledge, the effects of a computer-assisted phonics approach on DHH children's reading development has not been examined previously (Beal-Alvarez, Lederberg, & Easterbrooks, 2012; Trezek & Malmgren, 2005) . In the present study a phonics approach which is implemented in a computer-assisted intervention program, is used to study the effects on reading development in DHH children (Lyytinen, Ronimus, Alanko, Poikkeus, & Taanila, 2007 
Method and Material

Participants
A total of forty-eight children participated in the present study. Written parental informed consent was obtained for all the participants. Participants were matched for age and nonverbal intelligence on a group level (Raven, 1995) . The inclusion criteria for DHH were that they should have a mild, moderate to severe or profound bilateral sensorineural HL and be full time users of CI(s) or HA(s). The inclusion criterion for the reference group was normal hearing ascertained at the regular hearing screening at 4 years of age and reported by their parents in a written consent form. For more detailed information regarding the recruitment of participants see also Nakeva von Mentzer et al. (2013) . The study was approved by the Regional Committee for Medical Research Ethics; Stockholm, Sweden.
Deaf and hard of hearing children. Seventeen of the children used CI(s) (11 bilateral CIs), and 15 used bilateral HAs. Nineteen of the children had a severe/profound HL with a Pure Tone Average (PTA) at 70 dB hearing level or more unaided. Eleven had a moderate HL and two had a mild HL. For the majority of children the cause of hearing impairment (HI) was hereditary or unknown. Cytomegalovirus (CMV) (1 child) and toxicological exposure (1 child) were the causes of the known non-hereditary HI. Half of the children were diagnosed before one year of age. The mean age at diagnosis for children with CIs was 11 months (SD = 12 months), and for children with HAs 2 years and 3 months (SD = 26 months).
Seven children were diagnosed with a progressive HI. The mean age of receiving CI (N = 11) was 1 year and 8 months and the mean age of receiving HA was 2 years and 8 months (N = 21, bilateral HA and CI/HA). All children with CI were, as is routine in Sweden, fitted with bilateral conventional HAs after the diagnosis of HI. No child was receiving intervention at the time of the study, except regular technical controls at the Audiological clinic. For further information about the DHH children's communication mode see also Nakeva von Mentzer et al. (2013) . For demographic variables and nonverbal intelligence scores, see Table 1 .
Children with NH. In the reference group of children with NH there was one bilingual child (proficient in Swedish and English). Procedure All participants were tested by a Speech Language Pathologist (SLP) with broad experience of testing children. The test procedure included three sessions; 1) baseline 1, 2) pre intervention, and 3) post intervention with four weeks in between. Eight tests for phonological processing skills and letter knowledge were assessed at all three test points.
These results are reported in a previous study where an extensive description of the test procedure is given (Nakeva von Mentzer et al., 2013) . Sessions pre and post intervention included tests for visual and complex working memory and reading described below. The duration of sessions at pre and post intervention was approximately 90 minutes. Children were given one pause after completing half of the tests. Instructions were presented orally for all but two DHH children who used sign as their main communication mode at home. A sign language interpreter was used in these two cases. With the use of a sign interpreter the duration of the test session was slightly prolonged. Comfortable presentation level and audition were secured by first asking the child and the parent whether the HA or CI was working properly. Second, the child was asked to listen and tell what he/she heard from two initial sentences in the Sentence Repetition task presented from two external loudspeakers (SIPS; Wass et al., 2008) . The presentation level was adjusted according to the child's answer, i.e., when a child expressed that he/she found it hard to hear, the volume was increased to ensure a comfortable audible level for each individual child. For information about the tests analyzed in the present study see Table 2 .
Revised, 1987; Swedish version by Byrne et al., 2009 ) and cards (Letter knowledge; Clay, 1975) , as well as by computer with a cognitive test battery called the SIPS, the Sound Information Processing System . The SIPS has been developed from three theoretical paradigms; the Working memory model (Baddeley, 2012; Baddeley & Hitch, 1974) , the Capacity theory (Just & Carpenter, 1992) , and theories within specific language impairment (Bishop, 1997; Gerken, 1994; Kamhi & Catts, 1986; Leonard, 1998; Sahlén, Reuterskiöld-Wagner, Nettelbladt, & Radeborg, 1999) . A brief description of the tests is given below. For an extensive description of the tests and procedures from the SIPS see Wass et al. (2008) and for tests of phonological processing skills and phonological coding see Nakeva von Mentzer et al. (2013) .
Two letter recognition tasks were used to measure phonological coding of lower case letters from names or sounds (Clay, 1975) . Maximum score was 26.
A letter-naming task was used to measure phonological coding in naming of lower case letters (Frylmark, 1995) . The maximum score was 24.
The Sentence Completion and Recall task, SCR (SIPS; Wass et al., 2008) was used for two purposes, to assess complex working memory (below) and lexical access. Children received one point for each semantically acceptable filled-in word. Maximum score was 18.
The SCR task (SIPS; Wass et al., 2008) was used to assess complex working memory, i.e., the capacity to simultaneously store and process information (Just & Carpenter, 1992; Repovš & Baddeley, 2006) . The results were scored as the total number of correctly stored and reproduced words, with a maximum score of 18.
The Visual Matrix test (SIPS; Wass et al., 2008) was used to assess visual working memory (Baddeley, 2003) . The children received scores for the highest level of difficulty at which they correctly reproduced two out of three test patterns. Maximum score was 8.
A Phonological Composite Score was created in order to increase the sensitivity and strength of seven specific phonological processing measures, and to enable a general comparison of the children (Nakeva von Mentzer et al., 2013) . The phonological composite score was calculated by a unit weighted-procedure, i.e., each unit was calculated in percent accurate, and then summarized to a global score. Seven units from five tasks of phonological processing skills constituted the phonological composite score, these are described in detail in Wass et al. (2008) s. He/she was also asked to read as correctly as possible. This procedure was repeated twice with two separate lists of words/nonwords. Children's performance was audio-recorded.
Word and nonword decoding was scored in two ways; 1) Reading accuracy. The children received credits for every word/nonword read correctly (maximum score 208/126). The total decoding score for both words and nonwords was 334.
2) Decoding errors. The children's decoding errors were calculated as percent incorrectly decoded words/nonwords of the total sum of read words/nonwords (correct and incorrect).
Total percent incorrectly decoded words/nonwords were used as outcome measure. Children who read at least one word/nonword correct on TOWRE at pre intervention were included.
Children with knowledge in phoneme-grapheme correspondence but did not blend sounds into words were excluded. (Woodcock 1987 ; Swedish version by Byrne et al., 2009) was used to assess reading comprehension. This test uses a cloze procedure to assess the child's ability to understand passages of connected text. The children's semantically accepted answers were scored. The maximum score was 68.
The Woodcock Passage Comprehension Test
A Reading Composite Score was calculated as the summary in percent of the total decodingscore of TOWRE and the passage comprehension-score of Woodcock. This was completed pre and post intervention.
Reading change was calculated as the difference in three respective scores (word decoding, nonword decoding, and passage comprehension) between post and pre intervention.
Group comparisons pre intervention did not reveal any significant difference between NH
and DHH children's reading level. Age group comparisons showed that the NH 7-year old children started out at a significantly higher level than the DHH 7-year olds. There were strong correlations (Kendall's tau-b) between TOWRE (total decoding score) and Woodcock, passage comprehension-score pre intervention, (r = .94, p < .001), suggesting that these tests measure a common underlying skill in children aged 5-7 years.
Inter-rater reliability Transcriptions followed the same procedure that has been used in similar studies using the same test items for nonword repetition , Ibertsson et al., 2009 ). Inter-rater reliability was measured on 15 percent of the collected data for transcriptions on the Nonword Repetition task at baseline 1 (percent nonwords correct and percent consonants correct; pcc) and the picture-naming task (pwc and pcc). This was accomplished with Pearson's correlation coefficient between the first author and two SLPs. The inter-rater reliability between the three SLPs was at least r = .828 (p < .01).
Intervention program and setting
The intervention was accomplished by a Swedish version of a computer-assisted program that focused on training of phonological coding at letter, syllable (mono-syllabic words) and word level (Brem et al., 2010; Lyytinen, Erskine, Kujala, Ojanen, & Richardson, 2009; Specialpedagogic Center, Vasa, 2006 -2008 
Results
Results for decoding accuracy and passage comprehension are presented first, followed by decoding errors, reading change, and the correlation analysis.
Group comparisons
Word/nonword decoding accuracy and passage comprehension. Table 3 displays the mean, SD, and range for decoding accuracy and passage comprehension in percent at pre and post intervention at the group level for children with NH (N = 16) and DHH children (N = 32).
There was a tendency towards overall higher scores at both test points for the NH children but no statistically significant difference was observed. Largest differences were observed for percent nonword decoding accuracy (pre intervention; NH = 12.0, DHH = 7.1) and passage comprehension (NH = 13.2, DHH = 8.0). Age comparisons revealed statistically significant higher reading scores only for the NH 7-year old children compared to the DHH 7-year old children at both test points (e.g. pre intervention nonword decoding; z = -2.64).
Intervention effects
Word/nonword decoding accuracy and passage comprehension. For NH children there was a statistically significant gain between pre and post intervention for all measures of reading ability; percent word decoding accuracy (pre; M = 9.8, SD = 13.1, post; M = 13.3, SD = No significant effect of children's hearing status was observed in any analysis, but mean scores revealed a higher proportion of nonword decoding errors in DHH children (Table 4) .
There were no interactions between time (from pre to post intervention) and hearing status.
Reading change. Largest changes were observed in the passage comprehension changescores for both NH and DHH children (see Table 5 ).
Correlation analysis
Correlations are presented in Table 6 . In the NH children reading change was most strongly associated with complex working memory, the phonological composite score and letter knowledge. In the DHH children reading change was most strongly associated with letter knowledge and visual working memory. Age was the single demographic variable significantly correlated with reading change in both groups.
Discussion
The first purpose of the study was to compare NH and DHH children's reading ability at pre and post intervention. Second, effects of the intervention were examined. Results
showed that children with NH had overall higher reading scores at both test points, although only statistically significant for the 7-year olds. The intervention proved successful for both NH and DHH children on the majority of reading measures. A slightly different trajectory was observed in nonword decoding accuracy where only NH children improved their skills.
On the other hand there was a significant reduction in the proportion of nonword decoding errors for all children. These results support the notion that offering a computer-assisted intervention program delivered at home, is an alternative way to support not only NH children with reading difficulties (Saine, Lerkkanen, Ahonen, Tolvanen, & Lyytinen, 2011) but also DHH children in developing, above all, phonological decoding proficiency. The novelty of the present study was that it has compared word and nonword decoding-errors in NH and DHH children and put this in relation to a phonics approach, implemented in a computer-based program. This has, to our knowledge, not been done before. Although not significant, there was a tendency towards a larger proportion of nonword decoding errors in DHH children at both points in time, suggesting that they find this task relatively more difficult than the NH children.
The third purpose was to examine the relation between the three different reading change-scores, cognitive and demographic variables in the children. The results showed a different pattern for NH and DHH children. In NH children the word decoding change-score showed significant correlations with complex working memory, phonological processing skills and age. This suggests a combined influence of domain general variables and phonological processing skills in word decoding development for the NH children in the present study. The importance of phonological processing skills, and particularly phonological working memory in early word recognition development, has been acknowledged in other studies within the field (Caravolas et al., 2012; Melby-Lervåg, Lyster, & Hulme, 2012) . Further, in a study by Nevo and Breznitz (2011) the influential role of complex working memory in early reading achievement has been recognized. Nevo and Breznitz concluded that adding measures of complex working memory might contribute significantly in predicting children's academic success. For DHH children two out of three reading change-scores were associated with visual working memory and letter knowledge.
This corroborates the findings in the study by Asker-Árnason et al. (2013) where visual working memory was positively and significantly correlated with passage comprehension for the CI-users. The finding that letter knowledge was strongly correlated with the word and nonword decoding change-score stresses the importance of establishing firm visual symbols when learning to decode both in NH and DHH children (Caravolas et al., 2012; Kyle & Harris, 2011; Lervåg, Bråten & Hulme, 2009; Lyytinen et al., 2007) .
Reading is often viewed as the ability to flexibly use both phonological and orthographic decoding, and preferably in that order for the beginning reader (Nation, Allen, & Hulme, 2001 ). The results from the present study raised questions regarding DHH children's beginning reading strategies. Firstly, there were no significant correlations between reading improvement and phonological processing skills. Secondly, a tendency towards more nonword decoding errors was observed. Thirdly, there was no gain of the intervention in nonword decoding accuracy in the DHH children. If the DHH child solely uses the salient features within the word to find visual patterns, and does not use phonological processing skills, this might have negative consequences for decoding accuracy (Foorman & Liberman, 1989; Frith, 1985; Share, 1995) . Consequently, the DHH children might not develop the self-teaching mechanisms enabling them to independently acquire an autonomous orthographic lexicon (Share, 1995) . An alternative interpretation might be that if DHH children develop phonological processing as a consequence of learning to read, as some studies indicate (Colin, Magnan, Ecalle, & Leybaert, 2007; Kyle & Harris, 2010 ) their reading strategies might change towards more use of phonological processing skills as they become more proficient readers. Age was the only demographic factor that turned out to be significantly correlated with the reading change-scores.
Conclusions
Both NH and DHH children improved their reading ability after four weeks of computer-assisted intervention with a phonics approach. Thus, home-based reading intervention that focused on the connection between phonemic sounds and their visual counterparts was beneficial for this group of DHH children. Significantly higher reading scores were observed in the NH 7-year old children compared to the DHH 7-year old children, suggesting a beginning reading delay in the latter group. The DHH children's reading development (reading change-scores) was associated with visual working memory and letter knowledge, whereas for the NH children with complex working memory and phonological processing skills. The correlation between reading change and visual working memory suggests that DHH beginning reader's use visually based reading strategies. This may explain the lagging behind in reading development for the older DHH children in the present study.
